The non-covalent interaction of polyoxometalates (POMs) with inorganic-or organic-based moieties affords hybrid assemblies with specific physicochemical properties that are of high interest for both fundamental and applied studies, including the discovery of conceptually new compounds and unveiling the impact of their intra-supramolecular relationships on the fields of catalysis, molecular electronics, energy storage and medicine. This minireview summarises the recent advances in the synthetic strategies towards the formation of such non-covalent POM-loaded assemblies, shedding light on their key properties and the currently investigated applications. Four main emerging categories according to the nature of the conjugate are described: (i) POMs in metal-organic frameworks, (ii) POMs merged with cationic metal complexes, (iii) architectures generated with solely POM units and (iv) POMs assembled with organic molecular networks.
Introduction
Advancing the miniaturisation, compatibility, performance and energy efficiency of electronic, magnetic, sensing and catalytic devices requires a continuous search for synthetic approaches to hybrid molecular objects with well-dened, controllable and processable nanoscale structures.
1 The utilisation of metal-oxo clusters or so-called polyoxometalates (POMs), in particular, molybdenum-, tungsten-and vanadium-based polyoxoanionic species, as precursors is one of the promising directions for the synthesis of nanostructured materials, which has gained increasing attention from experimental communities.
2- 15 The interest in POMs is triggered by a large variety of their stable structural motifs that are capable of undergoing (i) chemical modication by main-group elements 16 and/or organic and organometallic moieties, 6, 7 (ii) alteration of intrinsic magnetic properties, e.g. by encapsulation of guest species 3b-d or magnetic functionalisation by other heterometallic ions 3a,17 and (iii) reversible redox processes at different pH.
4,18
In comparison with the extensively studied covalent attachment of various organic and inorganic functionalities to POM skeletons, 6, 7 the ionic and other non-covalent interactions (hydrogen bonding, van der Waals forces, etc.) between polyoxoanions themselves and between POMs and other types of molecular systems have remained considerably underinvestigated over the past years. This is despite the obvious fact that the negatively charged POMs provide a vast platform for the investigation of their electrostatic interactions with a large variety of cationic species. The recent development of straightforward preparation routes to hybrid materials bearing POM units through supramolecular contacts prompted experimentalists in many scientic elds to take a closer look at the properties and reactivity of these molecular nanoassemblies.
14 Their potential for application in the elds of catalysis, 19 biochemistry, 20 energy storage 21 and materials science and technology [22] [23] [24] has been extensively explored. One of the signicant specics inherent to such supramolecular assemblies is that in most cases their underlying formation does not signicantly inuence the structural characteristics of POM building units, thus allowing the handling and the addressing of the latter to be comparable to how they would be for individual POM molecules in solution or in the solid phase. Furthermore, the versatility of the physicochemical properties of metal-oxo cluster units and other molecular components of these supramolecular assemblies can be synergistically enhanced, resulting inter alia in improved efficiency of the whole hybrid architecture in e.g. catalytic reactions 25 or dye adsorption.
26
Non-covalent interactions and networking between POMs and varied molecular systems have so far enabled the convenient isolation of previously elusive polyoxoanions in crystalline form, 27 stabilisation of hypersensitive magnetic POM species, 28 increase of the POM surface area with an impact on catalysis, 19 optimisation of the biocompatibility of polyoxoanions 20 and uniform arrangement of polyoxoanions on surfaces. 21, 29 The synthesis, properties and currently tested areas of application of the most important and interesting representatives of the emerging class of POM-containing supramolecular assemblies (Fig. 1) are described herein. Perspectives for these compounds in the utilisation as constituents of future technology devices are briey discussed.
POM-based supramolecular hybrid compounds

POMs in metal-organic frameworks (MOFs)
MOFs are structurally ordered porous materials built from metal-containing nodes that are linked together via organic groups. 30 MOFs arouse substantial interest, in particular, due to the possibility of conguring their skeletons and the content of their pores and of imparting valuable catalytic 31 or magnetic 32 properties to assemblies formed on their basis. The non-covalent graing of POMs onto MOFs, resulting in hybrid materials hereaer abbreviated as POM@MOFs, is generally realised by impregnation of pre-synthesised MOFs in POM solutions 19, 33, 34 or using solvo-and hydrothermal methods if in situ formation of host-guest POM@MOF assemblies can thus be attained.
35-39
A preparation of [Gd(bipyNO) 4 The results of powder X-ray diffraction (XRD) experiments revealed that in contrast to the POM-free MOF the produced POM@MOF compound preserves its structure even aer solvent removal.
34
The templating effect of POMs on the MOF self-assembly process 36, 38, 39 exemplies the second approach. Here, the mixture of MOF constituent elements with pre-synthesised POMs or POM ingredients is treated under solvo-or hydrothermal conditions. Frequently, the formation of the POM-free MOF structure in the absence of the respective POM units was not observed. 36, 38 
39
Further optimisation of the above-described synthetic approaches towards POM@MOFs is however required, in order to get more control of the self-assembly processes leading to the formation of the materials with desired structures and properties.
It is noteworthy that the ne-tuning of the POM location in certain MOF cavities could be accomplished in several cases.
33,40
For instance, the possibility of post-synthetically manipulating the position of POM units within the MOF was recently explored for the [PW 12 O 40 ] 3À @NU-1000 system (Fig. 3) . The presence of [PW 12 O 40 ] 3À in the microporous channels of the MOF was observed aer the heating of the starting [PW 12 O 40 ] 3À @NU-1000 material up to 120 C, while the supercritical-CO 2 drying of the parent compound led to the POM positioning in the MOF mesopores. The dislocation of the POM units in the MOF was identied using powder XRD, volumetric N 2 sorption isotherm analyses and density functional theory (DFT) calculations for the determination of pore size distributions. In addition, a signicant effect of the POM location in the MOF on the catalytic properties of the resulting POM@MOF material was indicated by the oxidation of 2-chloroethyl ethyl sulde which is a simulant of the chemical warfare agent mustard gas. Remarkably, the material containing POM units in the mesopores showed a faster substrate conversion than the individual POM and MOF compounds and the material with POM-loaded micropores. This is likely due to the relatively easy access of sulde to POM and MOF sites within the hybrid, and the synergy between the two components of the assembly.
40
Last but not least, the controlled assembly of POMs and MOFs towards the incorporation of the former into MOF cages that have windows smaller in size than the minimum POM dimension 35,41 is actively being explored. Although the POM units in the visualised hybrids are supposed to be tightly included in the MOF cages, there is no need for their covalent interaction which may eliminate or negatively affect the valuable properties of both components. 13 Thus, the advantages of the proposed innovative design of POM@MOFs may even overplay the covalent bonding approach, which is traditionally assumed to result in more stable compounds of POMs with MOFs than their supramolecular assemblies. This concept is particularly signicant for the catalytically applicable POMs, as the integration of POMs in MOF pores with small openings is expected to prevent POM migration within or out of the MOF under catalytic reaction conditions. Furthermore, it should simultaneously grant access of the reactants to the POM active sites. (Fig. 4) .
41
Overall, lling MOF cavities with POMs is benecial to the characteristics of such hybrid materials that are today predominately studied for utilisation in catalysis. 8, 9, 11, 19, 31, 35, 40, 42 Several research studies were further devoted to the investigation of the potential of POM@MOFs to be applied in the areas of magnetism, 28 Fig. 2c ). 26a Moreover, the hybrid materials of both these types exhibit highly efficient dye adsorption ability.
26
In addition to the direct application as catalysts, POM@-MOFs were also exploited as precursor materials for catalyst preparation. For instance, [PMo 12 O 40 ] 3À @ZIF-67 was used as the starting material for the synthesis of bi-transition metal carbide nanoparticles Mo x Co x C. The produced species showed sufficient electrocatalytic activity towards both the hydrogen and oxygen evolution reactions in a 1 M KOH aqueous solution.
41
The supramolecular assemblies benetting from the combination of intrinsic molecular attributes of POMs and MOFs for other application (in addition to catalysis) are also available. 28 Fig. 2d has the ability to adsorb and decompose (through a hydrolysis reaction) a nerve gas simulant such as dimethyl methylphosphonate (DMMP), and the POM units play a major role in this. 36 In addition, the electrochemical performance of a host-guest
as the anode material for lithium ion batteries illustrates the highly promising potential of POM@MOFs for energy storage. 
POMs merged with cationic metal complexes
The hybrid materials composed of non-covalently bound POMs and metal complexes are nowadays accessible to a wide range of different areas of application such as catalysis, wastewater purication and detection of volatile organic compounds. Fig. 5c . These hybrids trigger interest in their catalytic application due to the specic and precisely adjustable structures as well as the overall enhanced stability and catalytic activity compared to the parent compounds.
46
The hybrid assemblies generated by the interaction of noblemetal based complexes with polyanions are described in the following. The self-assembly of positively charged containermolecules [Pd 4 
Architectures generated by solely POM units
The family of supramolecular assemblies that are predominantly constructed from POM units can be subdivided into two groups: (i) POM@POM hybrids formed due to the host-guest interactions between polyoxoanions of two different types 27a,49,50
and (ii) self-assembled POM nanostructures with diverse dimensions.
The POM@POMs of the rst group are generally synthesised via one-pot reactions, in which the pre-synthesised guest POM is utilised as a template, reacting with the substances consisting of host POM components. 72 Fe 30 ], in aqueous medium was elucidated by the solution-sensitive small-angle X-ray scattering (SAXS) and inelastic/quasi-elastic neutron scattering techniques, which revealed the presence of structural and conned water molecules along with the Keggin-guest species inside the Mo 72 Fe 30 cavity. Moreover, the results of the studies showed that water molecules steer the position of the Keggin anion to the centre of Mo 72 Fe 30 and stabilise the host-guest architecture. This nding emphasises the substantial role of water guests in the self-assembly process of compounds of the given type (Fig. 6a) The second group of POM materials can be additionally subdivided into assemblies that exist in solution 14a,51-54 and/or in the solid state.
55 Here, some all-inorganic POMs as well as POMs covalently derivatised with organic moieties are capable of building supramolecular assemblies of different shapes and sizes in solutions under certain conditions when adjusting e.g. concentration, temperature and ionic strength.
14a,51-54 The understanding and control of the self-assembly behaviour of POMs and their counterparts in liquid media are paramount because the conguration type of supramolecular architectures that are formed by solution processable, individual species may signicantly alter the performance and efficiency of the generated compounds in application-related processes, e.g. in pharmaceutical experiments.
The spherical single-layered nanostructures, so-called "blackberries" (Fig. 7a) 52 Recently, it was shown that POM-peptide hybrids are also able to form "blackberries" in the mixed acetonitrile/water solutions (Fig. 7b) . The aggregation of the biomoiety-decorated POMs can be viewed as a model system for the investigation of various biomolecular interactions that may take place during biological processes. (Fig. 8) . 54 The existence of POM supramolecular assemblies in the solid state is indicated by a large diversity of well-ordered structures (chains, sheets, and porous materials) shaped by polyoxoanions, associated countercations (usually alkali metal or alkylammonium ions) and water molecules via supramolecular interactions (mostly electrostatic). The (TBA) 6 [P 2 W 15 V 3 -O 62 (POSS) 4 ] compound with POSS ¼ polyhedral-oligomericsilsesquioxane exhibits one of these remarkable solid-state structures where the POM units are arranged in a honeycomb monolayer grid (Fig. 9) . The network is generated due to two types of supramolecular interactions: the electrostatic interplay between the POM and TBA ions leads to the formation of trimers as shown in Fig. 9 , while van der Waals forces between the POSS units of the polyanions link the formed trimers together. The resulting hybrid architecture can be seen as selfassembled articial graphene. 
POMs assembled with organic molecular architectures
The incorporation of POMs into organic matrices via noncovalent interactions usually results in the formation of 2D 15 and 3D materials with variable properties, which have considerable application potential as e.g. energy storage materials 10 or anticancer drugs. 5,20c,56 The compounds of this type available so far can be subdivided into several groups depending on the type of organic constituents such as polymers, lipid-based derivatives, cyclodextrins and organic cations. The polymers host POM units in numerous hybrid assemblies.
13,14a,20a,c,28,56-69 The non-covalent combination of POMs with polymers is usually realised through mixing of solutions of POMs and polymers under controlled reaction conditions (pH, temperature, stirring time and concentrations of the reagents), which leads to the separation of the resulting POM@polymer hybrids in the form of a liquid phase (coacervate).
13,14a,20c,28,57-60,62-66, 68 However, other synthetic procedures for the preparation of these hybrid materials were also explored. For instance, a reversed-phase microemulsion polymerisation method was used to generate POM@starch nanoparticles. 14-À @poly-ZnOEP hybrid. 67 Notably, the layer-by-layer deposition was recently utilised for the preparation of POM@polymer materials.
61,69
The electrostatic interaction between positively charged polymer terminals and polyoxoanions is frequently utilised to synthesise the hybrids. host-guest interactions 61 and hydrogen bonding 66 are also known to be driving forces for the association processes towards POM@polymer hybrids.
Natural polymers such as starch, 56 gelatin 28,57,58 and chitosan 20c,59 are in the focus mostly due to their ability to serve as drug carriers. It was proven that assembling the abovementioned natural polymers with bioactive POMs positively inuences the biological characteristics (e.g. cytotoxicity and cellular uptake) of the resulting hybrid materials when compared with those of the corresponding pristine POM compounds. 5,20c,56 Moreover, the association of POMs with natural polymers gives rise to novel materials with valuable mechanical, 57 catalytic 58 and photoluminescent 60 properties.
The magnetic properties of the assemblies made of POMs and natural polymers were also assessed. The successful usage of gelatin (Gel) as a matrix for the encapsulation of the aforementioned Fe 6 with avidin (a tetrameric protein capable of binding biotin), were used to produce a biomaterial that showed peroxidase-like catalytic activity. Moreover, lms of the 2D POM@avidin network on a diamond crystal surface could be obtained by means of the layer-by-layer deposition method. This demonstrates feasibility of POM@protein lm engineering which is essential for the further application-oriented development of POM@protein materials.
61
The potential for assembly formation of synthetic polymers and POMs was also investigated. A hybrid material consisting of the Keggin-type [PW 12 O 40 ] 3À POM and a cationic peptide-based polymer was prepared and the differences in the mechanism of antimicrobial activity of the pristine polymer and the POM@-polymer hybrid were established. Interestingly, a synergetic effect resulting from assembling the two molecular building blocks was indicated by observed enhanced antimicrobial activity of the hybrid compared with the performance of the individual components.
62
A graphite electrode modied with a lm of [PW 9 3À polyoxoanions with cationic poly(2-(dimethylamino)ethyl methacrylate) yielded a material that in the solid state reveals high photosensitivity under low power UV-irradiation at room temperature. 64 The POM coacervate vesicles (Fig. 10) Finally, the hybrid materials constructed from Cs 2.5 H 0.5 [-PW 12 O 40 ] in a polymethylsiloxane framework showed enhanced catalytic activity towards hydrolysis of ethyl acetate in water compared with the performance of the parent POM compound.
68 Fig. 9 The honeycomb monolayer grid formed by (TBA) 6 70 Although the POM@liposome hybrids were shown to be formed due to physical absorption of the POM units on liposomes, stability tests indicated that the assemblies preserve the structural integrity only for 2 h in the buffer solution at physiological pH 7.4.
70 Overall, the POM@lipid hybrids are characterised by higher antitumor activity than the activity of pristine POM compounds.
56b,c,70
Cyclodextrins (CDs) -macrocyclic oligosaccharide molecules of different sizes (labelled a-, b-and g-CDs consisting of 6, 7 and 8 glucose units, respectively) that are usually used for drug delivery 22,27b,46,71-74 -have emerged today as reliable supramolecular carriers for POM units. The supramolecular assembly of POMs and CDs is generally performed using one-pot reactions, by mixing aqueous solutions of the corresponding ingredients under controlled conditions (pH, temperature and concentration of the reagents). It was shown in several studies that allinorganic POM anions can be associated with CD molecules exclusively through intermolecular [C-H/O] contacts 27b, 72, 73 or, in addition via electrostatic interactions and hydrogen bonds involving countercations that ultimately link CD and POM units together. 22, 46 POMs bearing at their molecular periphery structurally exposed aromatic groups also tend to form POM@CD host-guest complexes due to sustained non-covalent interactions between these organic units and the CD platform.
74 The stability of POM@CD complexes in water was demonstrated in a number of studies. 22,27b,72-74 Atypically for the aforementioned assemblies of POMs and organic molecules, the structures of the majority of all known POM@CD complexes could be determined via single-crystal XRD. This indicates the ability of CDs to serve as convenient agents for supramolecular POM crystallisation and, thus, offers an interesting strategy for the preparation of novel, structurally well-dened POM-based functional compounds and nanomaterials. As an example, the combination of [PVW 11 
22
Contrary to the commonly unaltered polyoxoanion skeletons in supramolecular assemblies, the structural changes of the POM were clearly observed using a single-crystal XRD experiment performed for the K 6 (Fig. 11) . These structural changes induced by the hostguest interactions were further shown to inuence the electronic conguration of Co 2+ ions in the assembly. Remarkably, supramolecular POM@CD assemblies were themselves identied in the cavities of some POM molecules. As an example, the compound Na 15 illustrates the signicance and the far-reaching opportunities of non-covalent interactions in the formation processes of multi-component assemblies.
Further developments for this type of supramolecular assemblies imply the unexplored association of organically prefunctionalised (chemically modied) CDs with POMs. Notably, different types of materials containing CD derivatised molecules were already synthesised, e.g. nanobers and nanowebs were obtained from methyl-b-cyclodextrins. 75 Moreover, the CD-MOF aggregates grown on modied glass surfaces 76 showed the potential to be exploited as molecular platforms capable of incorporating functional POM units through non-covalent interactions. This showcases interesting application perspectives for the resulting supramolecular constructs, particularly in the area of switchable and sensory surfaces.
The electrostatic interaction of POMs with different types of cationic organic units in solutions under controlled conditions (concentrations of the reagents, pH, temperature, and reaction time) was shown to result in nanostructures of various forms and sizes and with different properties. were prepared by hydrothermal treatment of a mixture of pyridyl naphthalene diamine and the compounds containing metal-oxo building block entities (namely, Na 2 MoO 4 $2H 2 O and Na 2 SiO 3 $5H 2 O). The 4-ap species were generated as a result of the pH dependent hydrolysis of pyridyl naphthalene diamine during the reaction. This method utilising in situ formed POMs and organic moieties for the preparation of POM-containing assemblies appears to be quite uncommon among the synthetic procedures for the compounds described in this section, where the pre-synthesised supramolecular assembly components are usually used. It was furthermore demonstrated that the adjustment of the reaction pH before hydrothermal treatment allowed the achievement of control of the POM/ organic moiety ratio in the produced hybrids.
84
Also the feasibility of implanting the Keggin-type POMs (H 3 PM 12 O 40 , M ¼ Mo, W) into a caprolactam matrix was reported. It was shown that decreasing the POM/caprolactam ratio enforces transformation of the resulting hybrid material from the solid to the gel-like state. 85 Overall, non-covalent interactions between organic molecules and POMs can be employed to attain a uniform arrangement of the metal-oxo cluster units on various substrate surfaces. Thus, POMs were found to be effectively attached onto surfaces of e.g. carbon nanotubes and graphene due to physisorption 24,69a,86-89 or through linking moieties such as polymers 10,61,63,67,69a or ionic liquids. 21, 90, 91 The preparation of such POM-modied materials is usually performed either by simple impregnation of the substrates into solutions of the POM compounds 24,69a,86-88,90 or by the layer-by-layer technique. 10,21,61,63,67,69a,90,91 The molecular organisation of POMs on a gold surface via electrostatic interactions is best exemplied by the successful immobilisation of highly negatively charged [H 7 P 8 W 48 O 184 ] 33À POMs onto the positive charge bearing 8-amino-1-octanethiol covered Au electrode. 92 The host-guest interactions of POMs with supramolecular organic assemblies can also be used to effectively pattern POM units on prefunctionalised gold surfaces. It was shown that the open pores of a 2D supramolecular honeycomb network, that is formed on Au due to hydrogen bonds between perylene-3,4,9,10-tetracarboxylic acid diimide (PTCDI) and 1,3,5- Fig. 12 Packing in the solid-state structure of Na 15 triazine-2,4,6-triamine (melamine), may host the POM-based inorganic-organic TBA 4 [PW 11 O 39 Ge{p-C 6 H 4 -C^C-C 6 H 4 -NHC(O) (CH 2 ) 4 {-CH-(CH 2 ) 2 S-S-}}] hybrids. The latter are xed in the openings of the PTCDI/melamine network through Au-S (POM) bonds (Fig. 13 ).
29
Devices which are built via non-covalent attachment of the POM units at surfaces are actively investigated for application in catalysis, 61 object that has the form of a so-called "Schwarz P Surface Cube". In addition, the observed photochromic properties (reversible reduction under visible light irradiation) of the printed sample reveal the successful transfer of photo and redox characteristics of the C 10 POM molecules into the macroscopic object. 94 
Conclusions and outlook
Insights provided herein into the emerging class of polymeric and discrete organic and inorganic assemblies with POM units embedded through supramolecular contacts allow the identi-cation of diverse perspectives for these molecular conjugates in materials science, catalysis, medicine, and energy storage and technology. It should be noted that the general requirements for the formation of POM-based supramolecular hybrids are indeed the compatible dimensions of the interacting components and their solubility and stability under certain reaction conditions with the need for systematic exploration. The constructional principles of POM-loaded assemblies may help explore the possibilities of the formation of technologically relevant 2D networks on surfaces by means of supramolecular chemistry and nano-engineering.
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